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ABSTRACT 
The materials used for this study of morphology 
development in hot-dip galvannealed coatings incltided five 
substrate steels received in the as-galvanized condition; 
ultra low carbon, DQSK, DQSK preannealed, titanium stabilized 
IF steel and a high strength rephosphorized steel. Zinc bath 
aluminum levels of O. 10 and O. 15 effective weight percent were 
hot-dip coated on each substrate. A Gleeble HAZ 1000 was used 
to simulate the in-line annealing cycle of the galvannealing 
process. Annealing was performed at 450, 500, and 550°C, with 
hold times varying between one and sixty seconds. Three 
distinct coating morphologies were observed on all of the 
substrates after annealing, and they can be classified as; 
Type-a, Type-1, and Type-2. The- Type-0- is ndt a fully alloyed 
coating and contains eta phase throughout much of the bulk 
coating. Type-1 is fully alloyed but shows little inherent 
cracking and has an. interf acial gamma layer ,less than one 
micron thick. The gamma layer in Type-2 is greater than one 
micron iri thickness and many are~s of the coating are cracked. 
Due to the diffusional transformation that occurs .during 
annealing, iron content in the coating follows a sigmoidal 
relationship with the square root of annealing time. The high 
aluminum coatings needed longer to alloy, and. thus delayed 
the morphology transition. 'l'he aluminum inhibition effect, 
1 
however, was less pronounced on the titanium stabilized IF 
steel. Aluminum content in the bath .also affected. the 
formation of the interfacial gamma lay.er. The annealed low 
aluminum coatings snow the growth of an interfacial layer at 
lower annealing temperatures and at shorter hold times than 
the high aluminum coatings. The Type-1 to Type-2 transition 
can be distinguished at an interfacial layer thickness of one 
·micron. The powdering characteristics of the coating during 
bending also showed a transition at an interfacial layer 
thickness of one. micron, with the amount of powdering 
increasing at interfacial layer thicknesses greater than one 
microD. rhese results indicate that the Type-1 morphology is 
more favorable than the Type-2 mo~phology for improved coating 
formability properties. 
lA 
I. INTRODUCTION 
Demand for zinc coated steel sheet has risen dynamically 
over recent years due to increases in the application of zinc 
based coatings in the automotive industry (1). Figure 1 
indicates that in North America alone, approximately seven 
million tons of zinc coat~d steel sheet wer~ manufactured in 
1988 (2). The zinc doating trend is worldwide; Japanese steel 
makers produced 6.6 million tons of zinc coated steel sheet 
in 1987, and both the Japanese and American steel producers 
predict a significant increase in product d.emand for the 
future (3). The increased use of zinc coated steel sheet has 
stimulated research which is aimed at improving coating 
quality. 
Zinc coatings provide cosmetic, perforation, and gen~ral 
atmospheric . , corrosion protection against such . aggressive 
environmental conditions as road deicing salt and acid rain. 
(4). An added advantage of zinc coatings, aside from their 
corrosion resistance, is that they are also a low production 
cost product. Therefore increasing coating· wQight to improve 
corrosion r~sistance. is relatively inexpensive. 
Iron-zinc alloyed coated sheet has received the most 
attention becaus~ of its superior weldability, paintability 
and cosmetic corrosion resistance over that of pure zinc 
coatings. Iron-zinc alloyed coatings are manufactured by 
annealing after hot-dip galvanizing, .electrogalvanizing or 
lB 
zinc vapor deposition processes. The added step of annealing 
yields the zinc coated product known as galvanneal. Because 
of the brittle nature of the intermetallic phases that fonn. 
during the alloying process, coating weights above 45 g/m2 
show surface damage upon press forming. In the case of hot-
dip galvannealed coatings, the coating powders and adheres to 
the press forming dies, resulting . 1n further damage to 
subsequently pressed parts· and to the dies themselves ( 1) . 
Receht studies have ·focused on the factors that affect 
intermetallic phase formation, with an emphasis upon 
optimizing coating formability. 
The goal of the research work presented here was to 
characterize the mtcrostructtiral development that occurs upon 
heat treating the hot-dip galvanized product. Simulations of 
in-line annealing cycles were conducted and analyz·ed. The 
ultimate objective of this doating charadterization was ·to 
relate coating microstructure to formability properties. The 
mechanical properties of the different coatings were evaluated 
by Goggins (5) using the coating characterization information 
presented here. 
2 
II. BACKGROUND 
A schematic of a continuous hot-dip gal vanneal ing process 
is shown in Figure 2. The sheet- is first preheated 
. 1n a 
gaseous .H2/N2 reducing environment to ( 1) clean the steel 
surface, and (2) recrystallize the cold worked grain structure 
of the sheet. The sheet is then dipped in a molten bath of 
zinc and exce.ss liquid zinc is removed from the continuously 
moving sheet as it exits the pot by pressurized nitrogen gas 
knives located just above the z·inc bath. The hot-dipped 
coating is subsequently annealed in a r~ducing atmosphere in 
a gas-fired or induction furnace. The resulting product is 
referred to as hot-dip galvanneal. 
In an attempt to understand· the work that has already 
been conducted on hot-dip galvanized coatings, a review of the 
published literature on the topic is presented in the 
following section. The emphasis of the review is coating 
structure formation. Studies relating to the initial iron-
aluminum intermetallic layer that forms during galvanizing, 
and the sub·$equent iron-zinc phase growth that develops during 
annealing are both discussed. The nucleation a~d growth of 
these structures are examined in detail with specific 
considera~ion given to the material and processing variables 
that affect coating phase formation. 
Many past studies have concentrated on the variables· that 
affect the formation of galvanized coatings. During these 
studies samples were held for extremely long immersion times 
3 
in the zinc bath, thus allowing a thick iron-zinc alloy layer 
to form while the sheet was submerged in the bath. Because 
this growth is morphologically much like the growth that 
occurs during gal vanneal ing, many galvanizing studies draw 
conclusions about the alloy layer growth that devel.ops during 
galvannealing. In the following section an effort has been 
made to distinguish between galvanizing and galvannealing 
studies, with particular consi_deration given to the simulation 
of annealing through the control of sample immersion times. 
A. Iron-aluminum Intermetallic Layer Formation 
Previous studies indicate that aluminum alloying 
additions of d.1 to 0.3 weight percent to an iron saturated 
zinc bath promote the formation of a transient iron-aluminum 
alloy layer on the coated sheet steel. This layer is referred 
to as an inhibition layer because it retards the formation of 
interfacial instabilities (6). Interfacial instabilities such 
as impurities in the .bath or steel can cause localized areas 
of iron-zinc phase growth, thus promoting the development of 
an undesirable non-uniform coating. Iron-aluminum inhibition 
layers protect the underlying iron from this rapid zinc attack 
and retard the formatio~ of iron--zinc outburst structures (6). 
Iron has a higher chemical affinity for aluminum than for 
zinc, resulting in the formation of an iron-aluminum layer 
upon immersion of the substrate into the bath. Because 
4 
chemical activity is greater at grain boundaries, it 
. 
lS 
believed that the decrease in aluminum concentration and 
subsequent nucleation of the iron-zinc phases first occurs at 
the grain boundaries of the substrate (1). 
An isothermal section c)"f the iron-zinc-aluminum phase 
diagram at 450°C is shown i.n Figure 3 (7). The inhibition 
layer is a dual phase structure consisting mostly of 
. 
zinc-
bearing Fe2Al 5 and FeA13 and occasionall.Y FeA1 2 ( 6) . For short 
immersion times, Fe2Al 5 initially forms a stable low-
diffusivity layer on the steel substrate, and its growth is 
favored by a high iron content in the bath. The· nucleation 
barrier for Fe2Al5 must be lower than that of any of the other 
possible nucleating iron-aluminum phases. Immediately after 
the formation of Fe2Al5 , FeA13 farms a planar interface on the 
surface of Fe2Al5 layer and the dual phase inhibition layer 
grows almost completely in a direction toward the zinc, with 
a small amount of growth occurring as penetration .into the 
iron alloy substrate. 
Ghuman and Goldstein (8) propose a different theory for 
the development of the inhibition layer. They found that for 
bath temperatures below 600°C, a thin layer of an iron~zinc~ 
aluminum ternary compound forms and inhibits the growth of 
iron-zinc phases. According to their study, inhibition is 
initi.ally caused by a compact layer of primary iron-zinc-
aluminum phase, and after a period of immersion time, a less 
compact secondary iron-zinc-aluminum phase inhibits the iron-
5 
zinc reaction. Breakdown of the inhibition layer occurs when 
the secondary phase becomes rich in aluminµm and forms the 
more stable Fe2Al 5 phase. The diffusing zinc atoms react with 
iron and begin the formation and growth of i_ron-zinc phases. 
The inhibition layer was found to conform to a parabolic 
growth rate by Borzillo and Hahn (9) thus suggesting that the 
growth is dependent on the diffusion coefficients of irqn, 
aluminum and zinc present in the layer. Little ternary 
diffusion data exist to correlate such growth rates but 
b_ecause of the small rate of ·growth of the iron-aluminum ~-ayer 
as compared to the iron-zinc alloy layer, it is believed that 
the diffusion coefficients for the inhibition layer are 
approximately two orders of magnitude less than those for the 
iron-zinc phases at a bath temperature of 450°C. 
The growth rate and subsequent destabilizat~on of the 
inhibition layer was found to be affected by the iron content 
in the bath. Destabilization of the inhibition layer I lS 
important to coating micr.ostructure development in that it 
allows for the beginning of iron-zinc phase growth. For a 
constant aluminum content in the bath, the growth rate of the 
inhibition layer increased and the time for destabilization 
to occur decreased as the irbn cont~nt in the bath was raised 
to a saturation level. Because the inhibition layer grows 
mostly toward the iron saturated zinc, iron diffusion through 
the layer controls the growth rate of the intermediate phases 
(6). If the bath were not iron saturated, iron would have to 
6 
diffuse through the alloy layer into the liquid zinc, in 
addition to contributing to the growth of the· iron-aluminum 
inhibition alloy layer formation, thus longer time for the 
breakdown of the layer would be necessary. Destabilization of 
the layer can occur if the aluminum composition of the bath 
is not maintained at a constant level. A decrease in the 
aluminum composition can initiate an interfacial instability, 
s~ch as a column of Fe2Al 5 growing int6 the FeA13 layer. The 
FeA13 layer will be consumed by the more stable Fe2Al5 phase. 
Once the FeA13 layer has been consumed, the Fe2Al 5 will attempt 
to withdraw aluminum from the bath. As the aluminum content 
in the bath decreases at the liquid interface to 0.12 weight 
percent, a further lowering of the aluminum concentration can 
only be achieved by the nucleation of the delta1 phase (10). 
Aluminum and iron in the bath counteract each. other in that 
an increased aluminum content prolongs the life of the 
metastable Fe2Al5 and FeA13 phases while an increase in the 
amount of saturated iron in the bath promotes the 
destabilization of the inhibition alloy layer. 
B. Iron-zinc Alloy Phase Formation 
1. Iron-z_inc phase diagram 
The most currently updated and accepted iron-zinc 
equilibrium phase diagram is that of Kubachewski and the zinc 
rich portion is shown in Figure 4 ( 11) . Four • • iron-zinc 
7 
compounds exist in the zinc rich region; gamma, gamma,, delta 
and zeta. An almost pure zinc phase is denoted as eta. Due to 
the nature of the zinc bath, the above-mentioned phases are 
the primary phases formed during long-time . . immersion 
galvanizing, or during post-dipping annealing. Older iron-zinc 
equilibrium phase diagrams show the existence of a high 
temperature delta phase as well as a delta, phase. Bastin (12) 
performed x-ray analyses on the zinG rich iron-zinc phases and 
found that only one delta phase exists up to 670°C. 
Observations show that after a short amount of reaction 
time, a f-ine grained eta or eta and zeta structure farms, with 
a thin delta layer below it. As the reaction proceeds the 
delta phase growth is rapid and gamma forms between the delta 
phase and substrate steel. During galvanizing eta and zeta 
phases are therefore believed to form first, then delta 
followed by gamma (13). The gamma1 is believed. ·to form last as 
a layer between the gamma and delta phases. Table I shows the 
characteristics of the zinc rich iron-zinc phases (14). The 
following is a brief description of each of the intermetallic 
iron-zinc phases, in order of increasing iron content, that 
are associated with hot-dip galv~nneal. 
a. zeta phase 
Iron content of the zeta phase is approximately 6. 15 
weight percent (15). During controlled diffusion studies in 
the absence of aluminum, the zeta phase formed between ·the 
free zinc eta phase and the delta phase with its growth 
8 
follbwing a parabolic growth rate law. The diffusion 
coefficient bf zinc in zeta was determined by Kidson (16) to 
be 32*10-6*exp(--2500/RT) m2/s. The zeta phase is the 
intermetallic. phase richest in- zinc and it is formed from the 
peritectic reaction, delta + liquid zinc to zeta·. The 
peritectic transformation occurs at 530°C plus or minus 10°c. 
The zeta phase, FeZn~ 3 , is isomorphous with an monoclinic unit 
cell and an atomic structure similar to that shown in Figure 
5 (17). A transition metal atom, such as iron, and a zinc atom 
are surrounded by 12 zinc atoms at the vertices of a sli~htly 
distorted icosahedron. The icosahedra link together to form 
chains and the linked .chains pack together in a hexagonal 
.array ( 17) . 
b. delta phase 
The delta phase, FeZn10 , is not isomorphous but has two 
morphologies. The two morphologies are most likely the result 
of the zinc and iron concentration gradients that exist across 
the phase layer. The more zinc rich side of the phase has a 
columnar morphology and it often referred to as delta1p, 
palisade morphology. The iron rich side of the phase, closest 
to the steel/coating interface, has a compact morphology and 
is designated in the literature as delta1k. The palisade and 
compact morphologies are not separate phases and this fact has 
been pro~en by x-ray analysis (18). In the past, the delta 
phase was often referred to as the delta1 phase. These two 
terminologies describe the same iron-zinc phase. Since 
9 
different authors use one term or the other, the qelta/delta 1 
terminology may be used interchangeably. The delta phase has 
a hexagonal unit cell and a composition range of 7.0 to 11.5 
weight percent iron. 
c. gamma phase 
Gamma phase, Fe3Zn10 , has a body centered cubic lattice. 
As the reaction temperature rises, the homogeneity range of 
gamma increases up to the temperature of the peritectic 
reaction of gamma+ liquid zinc going to delta (19). 
d. gamma 1 phase 
The gamma1 composition at 380°c ranges between 19 and 
22 weight percent iron. Gamma 1 has a lattice cell parameter 
twice that of the bee gamma phase. The gamma1 phase, however, 
has a face centered cubic lattice. The large composition range 
listed above at 380°C decreases with an I I increase 1n 
temperature. The change in homogeneity with temperature is 
opposite to that found for the gamma phase. The gamma1 phase 
is an uninterrupted layer tha·t appears betw~en the gamma and 
delta layers as is shown in Figures 6 and 7 (20). Figure 6 
shows the phase formation after annealing at 380°C for two 
hours. Figure 7 shows the growth of the gamma1 phase after 
annealing at the same temperature for seven hours. After the 
form.ation of the gamma1 phase it is evident that the iron-zinc 
diffusion co.uple cracked at the zeta/zinc interface. Cracking 
most likely .occurred because of gap formation due to the 
Kirkendall effect. Gamma1 , has the highest 
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·microhardness value of intermetallic phases formed during 
galvannealing as is shown in Table II (20). The gamma, phase 
exists up to 550°C plus or minus 10°C, and has been proven to 
be an equilibrium phase because it can be produced upon 
heating at low temperatures over long time periods (20). 
c. Nucleation and ·Growth 
1. Iron-aluminum Intermetallic Nucleation and Growth 
-An iron-aluminum layer is thought to first nucleate 
as Fe2Al5 and grow at a parabolic rate as a function of bath 
te~perature and the aluminum to iron ratio in the bath (9). 
Nodules of a ternary iron-zinc-aluminum phase and the 
disappeararice of the Fe2Al5 layer were identified as the start 
of the breakdown of the inhibition layer (9). The cause of 
nucleation of both the te2Al5 and ternary phase is not known. 
The nodules were described by Kirkaldy (6) as burst-like, and 
both the Fe2Al5 and ternary phase transformed to delta upon 
longer immersion times. The formation of the Fe2Al5 layer 
occurs first becatise it has a lower nucleation barrier than 
any of the iron-zinc compounds (7), or any other iron-aluminum 
intermetallic compounds. Nucleation will occur at a 
solid/liquid interface because the degree of supersaturation 
is greatest at the interface, and because the surface area . 
. 
needed for nucleation is available. The zinc-bearing Fe2Al5 
layer is metastable and breakdown occurs once ternary 
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diffusional instabilities have developed (6). 
2. Iron-zinc Alloy Phase Growth Rates 
The nucieation of iron-zinc intermetallic phases 
is related to a decrease in aluminum concentration of the-bath 
near the solid/liquid interface (7). The first evidence of 
iron-zinc alloy layer growth, or outburst structure formation, 
occurs at the grain boundaries on the steel substrate/coating 
interface, 1e·ading to the assumption that a d·ecrease . in 
aluminum concentration must first occur at grain boundaries. 
A proposed sequence of events assumes that as the steel strip 
is immersed, an iron-aluminum compound initially forms. 
Because grain boundaries provide fast diffusion paths, the 
reaction rate at grain boundaries is rapid, and a decrease in 
aluminum concentration initially occurs at the location of 
surface graih· boundaries (21). The iron-zinc delta phase 
nucleates at grain boundaries and penetrat~s through the thin 
iron-aluminum compound as is shown in Figu:r;:e 8 (1). Following 
the equilibrium phase diagram, cooling delta and eta will form 
zeta, and the zeta phase formed will grow rapidly at sites 
corresponding to substrate grain boundaries. The iron-aluminum 
compound at the grain interior is transformed at a later 
stage, therefore a sidewise growth of the· zeta phase is 
observed similar to that shown in Figure 9 (21). 
An empiric·a1 growth equation, y· = kt" + b, can be used to 
determine the growth of each intermetallic iron-zinc layer. 
If the width, Y, of the alloy phase after an immersion time 
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t is known, a plot of log Y versus log t will give a curve 
whose slo~e i~ the value of n. Generated width and time data 
can then _be used to solve for the constants k and b. For a 
zinc bath containing no aluminum, hot-di~ped on steel sheet, 
the growth of the delta and zeta phases seem to reach a 
maximum at a given temperature as is shown in Figure 10 (14). 
The delta, phase has the fastest growth rate at 538°C (l000°F), 
while the zeta phase grows more rapidly at 482°C (900°F). From 
these data it is evident that peak growth rates do not occur 
at the same temperature for the del ta 1 .and zeta phases. 
Additions of aluminum caused a re~uced thickness in the delta, 
phase, thus lowering the delta1/zeta phase ratio. In an 
aluminum free bath the del ta 1/zeta ratio was 2. 7, while 
coating under the same conditions in a bath containing 0.18 
weight percent aluminum, the ratio decreased to 1. 7. Some 
investigatofs believe the delta/zeta ratio to be an i~portant 
factor concerning the powdering properties of the coating. 
If the mechanism of iron-zinc phase growth is diffusion 
contro~led, the growth of the phases will be dependent on the 
square root of immersion t~me or annealing time. Parabolic 
growth is diffusion controlled and occurs by diffusion through 
a concentration gradient, resulting in a layer thickness which 
increases parabolically with tim.e. Parabolic growth is common 
for long bath immersion times and high aluminum concentrations 
in the bath. One indication of parabolic growth is a thick 
·compact delta layer formed adjacent to the gamma layer (10). 
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In the iron~zinc system, however, growth can also occur 
linearly with time, within some temperature range. If the 
delta layer is cracked it will be penetrated by liquid zinc 
and subsequent growth will follow according to a linear law 
with a surface reaction controlling the reaction rate (10). 
Linear growth often occurs fo_r short immersion times and for 
bath aluminum contents betwe~n 0.06 to 0.09 weight percent. 
Yamaguchi also concluded that over a wide .range of immersion 
times other mechanisms beside parabolic and linear growth 
rates are likely to occur (10). 
For short .immersion times and a bath content of greater 
than o. 09 weight percent alu_minum, growth .may occur according 
to a reciprocal logarithmic law. An example of this type of 
growth would be the case of an extremely thin oxide film or 
an inhibiting alloy layer on the order of ten angstroms or 
O. 0004 inches thick. The equation for this type of growth 
would be 1/e A - B*ln(t), where e represents coating 
thickness. 
If the reaction rate increases rapidly with an increased 
amount of a parti~ular growing phase, the growth is termed 
auto-catalytic and the reacted phase exists as "islands" as 
shown in Figure 11 (10). The extent of the reaction over time 
follows a sigmoidal relationship with the transformation 
occurring· heterogeneously and proceeding in a manner such that 
the auto-catalytic phase consumes the iron-aluminum phase 
present at the interface. Determination of the rate of 
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heterogeneous nucleation is a complex problem. Johnson and 
Mehl described isothermal transformations in metals by the 
equation y - 1 exp(-ktn), where y is the extent of 
transform~tion, and k and n are assumed constant. The above 
mentioned equation was derived from the experimentally proven 
transformation equation; 
dy/dt = ktn- 1 (1 - y ). 
An example of an auto-catalytic reaction would be the 
outburst structure of the delta phase growing from the Fe2Al 5 
inhibition layer. The ratio of outburst structure to the total 
surface area was determined for one aluminum level in the 
coating by analytical electron microscopy and plotted versus 
immersion time. The plot. gave a sigmoidal curve as is shown 
in Figure 12 ( 10) . An isokinetic growth relationship was 
evident for various aluminum concentrations in the bath. A 
parallel shift of one curve determined for a given aluminum 
concentration caused it to coincide ·with a set of data 
generated for anotper aluminum concentration, indicating that 
the reaction was isokinetic, or followed the same reaction 
rate behavior, over a range of aluminum concentrations. 
Yamaguchi (10) investigated whether or not tne transformation 
Fe2Al5 to delta and liquid was isokinetic by rearranging 
the 
isothermal transformation equation y = 1-exp(-kt") to the 
equation log [ log (1/ ( 1-y))] = nlog t + log k - log 2. 3. By 
plotting ln [ 1/ (1 - y) ] versus inunersic;,n time on a log-log 
scale, as shown in Figure 13 1 n for the reaction was 
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determined. The value o.f n, 0.26, did not vary within the bath 
aluminum concentration range of 0.12 to 0.30 weight percent 
aluminum, and supported the belief that the growth of the 
delta phase outbursts was isokinetic. 
For the empirical growth equation, Y - ktn, if n = 0.5 
growth follows a parabolic time law. Ann< 0.5 value would 
iridicate a growth decreasing with time, ~hile an n > 0.5 value 
would indicate growth increasing slowly with time. Therefore 
n can be used as a ba~is for comparison among the different 
alloy phases for the rate at which their growth proceeds (13). 
Hortsmann ( 13) determined n for the total iron-z.inc alloy 
layer, farmed from an aluminum free bath, to be O. 5·-o. 56. ·He 
also calculated experimental values of n for the intermediate 
alloy phases as follows; gamma 0.5-0.99, delta 1 0.5-0.68, and 
zeta 0.156-0~5. The values indicate that the growth of the 
entire alloy layer, the del ta1 phase, and the gamma phase will 
increase with time, while the growth of the zeta phase layer 
will decrease with time. Figure 14 shows layer thickness 
measured as a function of the square root of the time of 
immersion (13). Straight lines on this plot support the belief 
that parabolic growth is the rate determining growth mechanism 
for the long immersion tim_e galvanizing or galvannealing 
process. The plotted lines in Figure 14 have a break in their 
slopes after certain time periods, indicating that the growth 
rates of the phases change during the course of the reaction. 
The zeta and gamma phases grow rapidly at first, with delta1 
16 
phase growth occurring more slowly. Later in the reaction, 
however, delta, phase growth becomes rapid. 
3. Diffusion 
It is proposed that a variety of diffusion 
mechanisms may occur during galvannealing. For example, if the 
transfer of atoms across an interface is the rate limiting 
step I 1n the reaction to form iron-zinc phases, the 
intermetallic pha~e that forms will grow linearly with time. 
If the gro~th of the phase is diffusion controlled, however, 
the phase will grow parabolically with time. Another type of 
diffusion, lattice diffus.ion, allows little penetration of 
zinc in ferrite. If lattice diffusion had occurred, the zinc 
concentration in the steel .itself would be uniform at a given 
depth. 
One investigation studied galvanized coatings that. were 
annealed and analyzed for the.possibility of diffusion .induced 
grain boundary migration, DIGM, of zinc diffusion into ferrite 
( 22) • It was determined that the penetration of zinc I 1n 
ferrite for the as-galvanized coatings was negligible (less 
than one micron) at some ·points, while it reached up to ten 
microns at other locations on the same surface. In the as-
galvanized condition penetration also varied with the side of 
the sheet analyzed. 
After annealing· for long times the zinc concentration was 
non-uniform and suggested that DIGM took place instead of 
lattice diffusion. The concentration of zinc in ferrite was 
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found to be a. function of the distance from the s'Urf ace of the 
ferrite phase (22). Discontinuities in zinc concentration were 
observed t.o occur across. grain boundaries, such that two 
adjacent fer~ite grains, for example, contained zero and nine 
weight percent zinc respectively, which indicates the presence 
of DIGM. The depth of penetration of zinc was two orders of 
magnitude greater than that expected for lattice diffusion and 
effective diffusivity was four orders of magriitude greater 
than that expected for lattice diffusion. The diffusivity 
value ·varied ~ith temperature and the concentration of zinc, 
as is shown in Table III (22). Zinc penetration was f6und to 
take place in an initial surge with a maxi.mum penetration 
reached after· annealing at 400°C for 48 hours. 
After th_e maximum penetration had been achieved, the zinc 
concentration at the interface between the· ferrite and the 
intermetallic gamma layer was calculated to ·be between six and 
eight weight percent, which was higher than the four weight 
percent equilibrium solubility of zinc in the gamma phase. It 
is assumed that ferrite gains additional zinc because gamma 
is not present as a -uniform layer at the beginning of 
annealing. Dl:GM stopped after the gamma phase grew to a 
uniform layer. Grain boundary motion lead to a doubling of 
zinc penetration depth in 48 hours. Beyond that time no 
further penetration was observed. It is unclear from the 
results why after a given reaction time DIGM was not time 
dependent. 
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Another theory on the diffusion mechanism • 1n 
galvannealing is that a pronounced Kirkendall effect occurs 
at the start of annealing with iron atoms diffusing into zinc 
and zinc atoms diffusing into iron. Shortly thereafter, the 
diffusion becomes "one-sided" 
' 
and zinc atoms diffuse by a 
vacancy mechanism (23). In the equation, W = ktn where Wis 
the width of the alloy phase, t the time of the reaction, and 
k a constant, the value of -n determines how rapidly the phases 
grow with time. If the rate of growth of the alloy phase is 
controlled ~y diffusion, n = 0.5, and a parabolic law is .said 
to be followed .. The values of n for .the intermediate phases 
did .not all adhere to this value, therefore diffusion is not 
the rate determining process for all iron-zinc alloy phase 
growth (13). A parabolic law did not hold if a later formed 
phase . 1n the . growing intermetallic layer had a higher 
diffusivity of ·zinG than the previous layer formed. The newly 
formed phase with the higher diffusivity consumed the initial 
phase, causing its width to decrease with time, thus deviating 
its growth from parabolic law. Essentially, phase boundary 
movement occurs over time, and this movement can -be different 
from one iron-zinc phase to another as is shown in Figure 15 
(13). The gamma/steel and gamma/delta boundaries ·move toward 
the substrate steel while the delta/zeta and the zeta/eta 
boundaries move in a direction toward the surface of the 
coating. The delta phase layer moves in two opposite 
directions. Therefore while a new gamma layer forms at the 
steel/coating interface, from the other side of the gamma 
layer the delta phase c_onsumes the gamma phase. Similarly, 
zeta t:orms at the zeta/eta phase boundary while the delta 
phase consumes the opposite side of the zeta phase layer (13). 
In an iron-zinc diffusion couple that was annealed, zeta. 
farmed first fol lowed by delta and then gamma. Molybdenum 
powder markers were used to observe the Kirkendall effect. The 
markers remained bet~een t~e zeta and free zinc phases during 
annealing, supporting the belief that "one-sided" diffusion 
of . zinc occurs. In general in any diffusion couple, the 
element with the lower melting point will have the greater 
di.ffusion coefficien.t and for the iron-zinc system this 
fundamental_ theory does apply. The melting point for zinc is 
419.58°C, and for iron it is 1538°C (24), therefore the higher 
diffusivity of zinc in iron is-expected, and it can be assumed 
that the diffusion of zinc predominates over that of iron. In 
a multiphase binary system the thickness of each alloy layer 
. 
lS a function of the weighted differences of the 
int·erdiffusion coefficients of not only the phase in question, 
but also of the interdiffusion coefficients of the adjacent 
phase layers. Diffusion relationships in multicomponent 
metallic systems that involve the motion of planar phase 
interface~ are complex and encbmpass many variables (25). 
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D. Factors Affecting Alloy Layer Formation 
1. surface characteristics 
a. surface oxides 
In a continuous galvanizing line, the sheet is 
annealed in a reducing N2/H2 atmosphere before it is immersed 
in the zinc bath. The pre-annealing treatment serves to clean 
the steel surface of oxides just prior to hot-dipping. The 
pre-annealing stage of the process is also used to 
recrystallize the cold rolled structure of the steel sheet. 
Some researchers (26-31) have found that selective surface 
oxidation of manganese, silicon, aluminum, vanadium, chromium, 
and titanium occurs under temperature and dew point pre-
annealing conditions that are used in commercial galvanizing 
lines. Most author·s agree that the oxide formation . lS 
concentrated at grain boundaries (32). The formation of 
surface oxides may affect zinc w~tting of the substrate by 
posing as a non-uniform barrier. Surface oxides may also play 
a role in both the development of the galvanized coating 
layer, and in the subs~quent diffusional growth of iron-zinc 
phases during galvanneling. The role surface oxides have on 
coating formation has not yet .been studied in detail. 
b. surface microstructure 
The effect of substrate microstructure on the 
growth of as galvanized • • 1ron-z1nc c·oating morphology was 
examined in a study by Nishimoto et al (21). The morphology 
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of iron-zinc compounds that form at the steel interface during 
continuous galvanizing were classified into three types, 
outburst structure, Type-1, fine granular structure Type-2, 
and pi l lar-1 ike structure Type-3. Good correspondence was 
found between the iron-zinc coating and underlying steel sheet 
surface microstructure. By comparir:ig substrate grain structure 
to coating microstructure it was determined that the outburst 
structure forms at substrate grain boundaries, and the fine 
granular iron-zind structure is found at locations within th~ 
substrate grain interior. 
Microstructures of Type-2 and Type-1 are shown with 
accompanying Mossbauer spectroscopy in Figure 16 (21). 
According to Graham et al (33) a singlet in the Mossbauer 
spectroscopy represents the zeta phase and an asymmetric 
doublet indicates the presence of the delta1 phase. Therefore 
Figure 16a shows a fine granular structure that co"nsists of 
mostly delta1 phase, while the pillar-like structure on the 
surfac.e of the o~tburst structure in Figure 16b is alinost 
entirely zeta phase. A separate microstructure and Mossbauer 
spectroscopy for pillar-like structure, Type-3, was difficult 
to distinguish fro·m outburst structure so it was not analyzed 
as a s~parate entity. From the above-mentioned study it was 
concluded that iron-zinc morpholo9y Types 1 and 3 cons.ist 
mainly. of zeta phase and Type-2 is mostly composed of delta1 
phase. 
22 
2. Alloying Additions 
a. Bath Al additions 
Aluminum has commonly been used in commercial hot-
dip zinc baths because of its ability to improve the luster 
of the coating and reduce atmospheric oxidation of the bath 
(8). Aluminum also enhances the formability characteristics 
of the galvanneal coating by forming iron-aluminum alloy 
layers that inhibit the growth of the inherently brittle 
intermetallic iron-zinc phases .such as the gamma and gamma1 
phases. At aluminum additions of 0.1 - 0.3 weight percent and 
bath temperatures of 450°C, the inhibiting action of the 
transient iron-aluminum phases aid in the production of a 
ductile coating. 
Smith and Batz (34) found that aluminum levels above 0.15 
weight percent in the zinc bath retarded the formation of a 
fully alloyed iron-zinc coating. The increased effectiveness 
of the iron-aluminum barrier at the interface was found to be 
directly related to the aluminum· content in the bath~ For 
better formability of the coating, it is suggested that the 
growth of the- iron-zinc phases should be halted as soon as 
the eta or free zinc phase has been consumed by the growing 
alloy layer (34). The point at which this total consumption 
occurs is referred to as marginal alloying. At aluminum 
contents between 0~1s and 0.16 weight percent, an ano~aly was 
observed for the time needed to· reach marginal alloying. At 
higher aluminum contents suppression of the delta, phase 
23 
occurs and th~ anomaly observed is believed to represent the 
change in the growth rate of del ta 1 • The change in the 
kinetics of the reaction is evidenced by anomalies occurring 
in Figure 17 at 54 0°C fnr O. 16 and O. 17 weight percent 
aluminum curves (34). The 0.17 weight percent aluminum curve 
shows another ano.maly at 620°C. It is well known that aluminum 
additions to the zinc bath inhib.it iron-zinc alloy layer 
growth, .but it is not yet specifically understood how the 
kinetics are affected. 
b. substrate steel 
(i) carbon 
The effect of carbon content in the sheet steel on 
gal vanneal ing has been exam-ined in past studies. In one. 
particular experiment, bath composition was maintained at O. 16 
weight percent aluminum while the substrate carbon content was 
varied ( 21) . The as-galvanized low carbon steel microstructure 
consisted of mainlt fine granular structure, while an ultra 
low carbon steel farmed a combination microstructure of 
outburst structure and. fine granular structure. These results 
point to the conclusion that as the carbon content in the base 
steel is increased, the formation of outburst . . 1ron-z1nc 
structures decreases (21). After heat treating and upon 
subsequent cooling, carbon segregates to the grain boundaries 
and reduces the total free energy at the grain boundaries. The 
reducti6n in free energy at the grain boundary leads to a 
greater thermodynamically stable structure which inhibits the 
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formation of the outburst structure. The effect of carbon on 
the finished galvannealed product with respect to alloying 
period and hardness was also investigated. For galvanized 
specimens reheated in an infrared furnace at 450°c, hardness 
of the coating increased with a longer alloying period. The 
relationship between hardness and alloying period is shown in 
Figure 18 (21). Also evident in this figure is that as carbon 
content in the steel decreases, the rate of hardening 
.. increases. Probably at lower carbon levels a faster 
development of the brittle intermetallic iron-zinc phases 
leads to the observed increased rate of hardening. Therefore 
during galvannealing carbon continues to act as an inhibitor 
for alloy formation of iron-zinc phases. 
(ii) phosphorous 
According to Abe et al (35) the phosphorous content 
in the steel substrate·behaves much like aluminum in the zinc 
bath in that it retards the growth rate of the iron-zinc alloy 
phases. By measuring the iron content of the iron-zinc alloy 
phases, Abe determined the extent of alloying. He found that 
as phosphorous levels in the base steel increased the iron 
content in the coating decreased, leading to the conclusion 
that increased phosphorous levels inhibit iron-zinc alloy 
growth. The relationship between phosphorous and iron content 
in a galvanneal coating is shown in Figure 19 (35). The same 
retarding effect was also observed for phosphorous-silicon 
containing she~t steels .. It is thought that phosphorous and 
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phosphorous-silicon added steels form iron-aluminum and iron-
zinc-aluminum compounds that have greater stability at 
substrate grain boundaries. Phosphorous inhibits format.ion of 
the outburst structure by behaving inuch 1 ike carbon. It 
migrates to grairt boundaries especially ·in the presence of 
carbide formers suc:::h as titanium or niobium. The migration 
acts to lower the thermodynamic activity at the . grain 
boundaries and explains why phos~horous in the base steel acts 
as an inhibitor to iron-zinc alloy growth (21). 
Silicon additions to ultra low carbon steel formed 
pillar-like crystals distributed in a fine granular structure 
in the as-galvanized condition. Phospho~ous and silicon 
containing steels inhibit formation of the iron-zinc alloy 
outburst structure~ 
(iii) titanium 
In low carbon steels (100 ppm) containing titanium, 
carbon forms titanium carbides and the inhibition effect of 
carbon is reduced. The decline in the inhibition effect due 
to carbide formation indicates that solute carbon, not free 
carbon content, inhibits outburst structure formation. 
Titanium stabilized steels would therefore be expected to have 
more outburst structures associated with their coating 
morphology. 
Steel with additions of titanium is known to have good 
drawability characteristics but little is known about the 
galvannealing behavior of the substrate. In a study by 
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Fukuzuka (36), titanium (0.11 and 0.20w.t%) and titanium-
chromium (Ti 0.20, Cr 0.36) ste~l sheets were galvanized and 
tested in conjunction with a low carbon steel. The coating of 
the as-galvanized low carbon steel tended to have aluminum 
concentrated at the interface between the coating layer and 
the substrate. The titanium and titanium-chromium sheet did 
not exhibit this aluminum concentration behavior. Titanium was 
not found in the zeta or delta phases formed on titanium and 
titanium-chromium steels, however, slight amounts of chromium 
were found in both phases of the coated titanium-chromium 
added sheet. During annealing, considerable growth of the 
iron-zinc alloy phases was observed on the titanium and 
titanium-chromium containing steels as compared to the low 
.carbon steel and this is shown in Figure 20 (36). The rapid 
growth of the iron-zinc phases. is most likely due to the 
absenc·e of· I or only a thin film of, an iron-aluminum 
irihibition layer. The suppression effect of the iron-aluminum 
layer on titanium and titanium-chromium containing steels was 
not as effective a barrier to iron-zinc phase growth as it was 
on other steel substrates. 
(iv) free nitrogen 
A major difference between rimrne·d and killed steels 
is the free nitrogen content. Smith and Batz (34) studied two 
types of rimmed steels, normal rimmed steel and denitrided 
rimmed steel. The denitrided steel showed rapid alloy layer 
formation. It is believed that the aluminum content in the 
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iron-aluminum inhibition alloy layer forms an association with 
the free nitrogen in the substrate steel, and increases the 
overall effectiveness of the iron-aluminum layer as a barrier 
to iron-zinc growth. (34) 
3. Bath entry temperature/time effects 
As the temperature of the steel at the point of 
entry into the molten bath is increased, the thickness of the 
iron-zinc alloy layer formed in the as-galvanized condition 
. increases ( 13) . Higher aluminum contents .. in the bath 
counteract this steel temperature effect and reduce ·the 
thickness of the as-galvanized iron-zinc alloy·layer. For high 
steel entry temperatures, increased alloy layer thickness· 
decreased the time for complete alloying in galvannealing 
according to Sievert and Bernick (37). Contrary to that 
finding, Smith and Batz (34) found that as the steel entry 
temperature increased, the heating time needed to form a 
galvanneal product at a constant- galvannealing temperature 
increased. Smith and Batz found the. effect of steel entry 
temperature on coating thickness to b~come less pronounced at 
higher galvannealing temper~tures. Smith and Batz did agree 
with Sievert and Bernick that the iron-zinc alloy layer 
thickness increased as the entry temperature of the steel was 
incre~sed. Logically, shorter annealing times should be needed 
to complete -alloying due to the formation of a thicker iron-
zinc alloy layer during galvanizing, but this behavior was not 
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observed in laboratory experiments. One explanation for this 
anomaly could be the role of the initial iron-aluminum and 
ternary iron-zinc-aluminum compounds on the steel surface that 
inhibit iron-zinc layer growth. It is believed that if the 
steel enters the bath at a temperature higher than that of the 
bath itself, a more effective inhibition layer forms. 
E. Summary 
Upon reviewing the current literature on zinc hot-
dip coatings, it becomes apparent that the formation of the 
initial iron-aluminum layer occurs upon immersion ·of the steel 
sheet into the zinc bath. The layer acts to inhibit the 
diffusion of iron and z.inc a·nd thus dela·ys the formation of 
iron-zinc alloy phases in the coating. Understanding the 
behavior of this inhibition layer is critical to comprehending 
the iron-zinc phase growth that follows. There exist 
conflicting reports on the structure of tnis inhibition layer, 
and whether it is first a ternary iron-zinc-aluminum compound 
that subsequently forms a Fe2Al5 layer ( 8) , or .if it forms as 
a zinc rich Fe2Al5 layer with a FeA13 layer that nucleates and 
grows on the Fe2Al5 layer (6). Similarly, the sequence of iron-
zinc phase formation is also disputed (1,13,21). 
Of part.icular importance to ma~y of these studies was the 
investigation of how the material and processing variables 
affected iron-zinc phase growth. It is clear that the 
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variables associated with the annealing of hot-dip . zinc 
coatings and their effect on coating kinetics are not well 
defined. Material variables such as substrate and coating 
chemistry effects on galvannealing are also not extensively 
~nderstood. Of primary importance to understanding how these 
material and processing variables affect the structure of the 
coating, is how coating microstructure defines the formability 
properties of the coating. I f the 
processing/structure/property relationships can be ~antif ied 
the production of a galvanneal coating with optimum powdering 
resistance would be possible. 
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III. EXPERIMENTAL PROCEDURES 
A. Materials of Study 
In order to study the effect of substrate chemistry 
on galvanizing and on subsequent annealing, five different 
sheet steels were chosen for analysis: 
(1) Ultra low carbon steel 
(2) Drawing quality special killed steel (OQSK) 
(3) DQSK pre-annealed steel 
(4) Titanium stabilized interstitial-free (IF) steel 
(.5) Rephosphorized high strength steel 
The chemical composition of each substrate steel 
. 
lS 
listed in Table IV (38) and the above numbers correspond to 
the code numbers used in the table. The combination of 
substrates allowed for the effects of carbon, titanium, and 
phosphorous on galvanized and galvannealed coating formation 
to be studied. In addition to substrate chemistry effects, the 
role of bath chemistry was also studied. Typically the zinc 
bath on a galvannealing line contains aluminum in. the range 
of 0.1-0.2 weight percent. Therefore to study the effect of 
aluminum on coating f orm~tion kinetics, two levels of aluminum 
in the bath were chosen. The sheet steels were coated on a 
hot-dip galvanizing pilot line at Armco's Research Center in 
Middletown, Ohio. Each substrate was coated with an 0.10 and 
O .15 effective weight percent aluminum--zinc coating (39). A 
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schematic of the line is shown in Figure 21 (40) and the pilot 
line conditions used during the galvanizing production are 
listed in Table V (41). The coated material for this project 
included ten substrate/coating aluminum level combinations, 
all received in the as-galvanized condition. 
B. Gleeble Heat Treatment 
Ail heat treatment simulations were run in the 
Gleeble ·ttAZ 1000, Figure 22. The Gleeble is a th~rmomechanical 
testing device that can be used for proc~ss simulations 
involving heating and or mechanical .cycling. The data 
acquisition which accompanies the Gleeble system allows the 
user to define testing conditions in a Gleeble Programing 
Language. The feedback system that is part of the data 
acquisition system allows for tight control of the testing 
v~riables. Although the Gleeble was initially designed for 
welding studies, it. is now used for a variety of applications, 
from hot rolling simulations to creep· fatigue. testing. A 
relatively new area. of Gleeble work has been in sheet 
annealing. 
The as-received galvanized substrates were used for 
Gleeble heat treatments to simu1ate the annealing cycle of 
commercial ga).vanneal. Specimens were first cut into two inch 
by nine inch lengths. Because the. sheet had a coil set 
associated with it, there was a slight bend in all of the as~ 
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galvanized sheet samples. The coil set effect is shown in 
Figure 23a. Three thermocouple spots of O .. 25-0. 4 inches in 
diameter were etched with.hydrochloric acid on the top surface 
of each sheet so that thermocouple wires could be welded to 
the steel surface of the specimens. Thermocouples were welded 
at a 0.5 inch distance from the long edge of the sheet and 
were placed at distances of . srx, five and three and a half 
inches from the short edge of the sheet. The three and a half 
ihch ma~k was placed on the long edge opposite to the first 
two thermocoulpes. A.Gleeble heat treatment specimen is shown 
in Figure 23b. The thermocouples were arranged in this manner 
because only a two by two and a half inch region in the center 
of the sheet can undergo a uniform, + 10°C, thermal profile. 
Therefore only the temperature control of this region was 
monitored. Three sets of thermocouple chromel and alumel wires 
were percussion welded onto the sample·. The sample was then 
placed in the specimen chamber of the Gleeble, Figure 24. The 
jaws that hold the specimen put a minor weight on the ends of 
·the sample as they are clamped down so the sample lies f~at 
in the specimen chamber. The sample is oriented at a 45° angle 
to the quench heads, so as to allow for gr·eater 
heating/cooling rate control of the sheet. Electric resistance 
heating was the method of heating, and cooling was performed 
as a quench, using a pres.surized mist of water and air that 
was projected out of the quench heads. The heat treatment 
followed a program written in the Gleeble Programming 
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Language, and a printout of a typical thermal profile is shown 
in Figure 25. 
An annealing temperature-hold time matrix was established 
to study the effects of substrate and coating chemistry 
variables on the development of gal vanneal coatings. The 
temperature-time matrix was designed to simulate actual in-
line annealing conditions. Temperatures of 450, 500, and 550°C 
were used as annealing temperatures. Individual samp1es were 
then held for 1, 5, 10, 20, and 60 seconds at one of the 
specjfied temperatures in a standard air atmosphere. To avoid 
any transformation during heating up to the annealing 
temperature, a heating rate of 500°C/s was used. After the 
sample was annealeq, it was cooled at a rate of 25°C/s to 
simulate a commercial in-line cooling rate. 
c. Light Optical Microscopy (LOM) 
The Gleeble generated samples used for light optical 
microcopy were all analyzed from the side of the sheet that 
faced away from the quench heads. This side ·was chosen to 
avoid analysis of any coating adversely affected by the 
water/air mist quench. All of the as-galvanized and Gleeble 
galvannealed samples were analyzed in cross section. Uncoated 
substrate steel materials were analyzed for grain structure 
in both the transverse and longitudinal directions. 
Coated samples were sectioned transverse to the sheet 
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rolling direction and cut into 0.5 by 1.0 inch pieces as shown 
in Figure 26. Samples were then stacked to form a sandwich, 
Figure 27, so that the one inch long edges of interest were 
parallel to one another (42). The samples were separated from 
one another by placing two small pieces of double-stick tape 
at the short ed~es of the sample. The stacking arrangement 
prevented edge rounding effects that can occur during grinding 
and polishing. Two dummy samples were also placed at each end 
of the stack to maintain mount flatness. Stabilizers and an. 
indicator were included in each mount. Epoxide resin and 
hardener was used as the mounting medium. 
Once the m-ount had cured, excess mount material was 
ground off the surface of the mount until the metal of the 
samples in the mount was exposed. The thickness of the sample 
was measured with a micrometer, so that two m~llimeters of the 
sample could accurately be removed off the sample surface 
during grinding_ on a belt -or automatic grinder. Rough grinding 
of two millimet~rs of material was done to ensure that all of 
the deformation put into the samples during sectioning was 
removed. Grinding was then continued on 240, 320, 400 and 600 
silicon carbide grit papers. Sample~ were held against the 
wheel in a stationary position, with the stack of samples 
oriented either parallel or perpendicular to the spin of the 
wheel. The samples were rotated ninety degrees after each 
grinding paper so that grinding was performed perpendicular 
to the direction of the previous step. Figure 28 illustrates 
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this procedure (42). puring grinding samples were held so that 
the edge of interest, the side of the sheet that faced away 
from the quench heads-
. ' 
was either the leading edge 
perpendicular to the spin of the wheel, or it was parallel to 
the spin of the wheel with the leading edge closest to the 
center of the wheel. Samples were inspected after each 
grinding step under the light optical microscope to ensure 
that all scratches were uni.form in direction in all of the 
specimens in the mount. After grinding on the 600 grit paper 
the mount was immediately wiped and flushed with alcohol 
before it was placed in a beaker of alcohol for ultrasonic 
cleaning. The mount was then blown dry and inspected. Fine 
grinding was performed o.n eight and three· micron silicon 
carbide paper, with an alcohol cleaning step after each paper. 
Polishing was started on a stationary Leco Pan W cloth 
impregnated with three micron diamond paste~ Buehler's Metadi 
II solution was used as a lubricating media in all polishing 
steps. The mount was cleaned with alcohol and the same 
procedure was repe~te~ on a one micron diamond paste 
impregnated Pan W cloth. Polishing continued on a stationary 
Struers DP nap cl9th charged with one micron diamond paste. 
After cleaning with alcohol, the same procedure was carried 
out on a 0.25 micron diamond paste impregnated DP nap cloth. 
The etchant used to analyze coating structure was made 
of equal parts of 1% picric amyl alcohol, and 1% nitric amyl 
alcohol. Equal amounts o~ the etchant were placed into two 
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crucibles, and to one crucible of fifty milliliters, 
approximately three drops of hydrofluoric acid was added. 
The mount was then etched by submerging it in the hydrofluoric 
acid-free crucible for twenty seconds, immediately placing the 
sample in a beaker of alcohol and flushing the mount surface 
with alcohol. The mount was then placed in the hydrofluoric 
acid-containing crucible for ten seconds. If the samples were 
underetched, the etching procedure was repeated always using 
a ratio of two to one for etching time of the first solution 
to the second solution. After etching all samples were 
photographed under Namarski differential interference contrast 
conditions at lSOOX on a Reichert-Jung MeFJ 'metallograph . 
Uncoated substrate steel samples were prepared . in a 
similar manner with the same grinding steps followed ·as those 
described above. Polishing was begun on a rotating six micron 
diamond pasta impregnated medium nap rayon cloth, followed by· 
polishing on the same type of cloth but on a separate wheel 
using a 0.3 micron alumina slurry. Polishing was completed on 
a stationary medium nap rayon cloth, . . . using 0.05 micron 
colloidal silica. Etching for grain. size was performed in two 
steps; (1) for two seconds the sample was pre-etched in 2% 
ni_tal, (2) etching then continued in a solution of equal parts 
of Marshall's solution and 30% hydrogen peroxide for 
approximately ten seconds. A 4% picral etchant was used to 
observe carbides after the etching for grain structure was 
completed.· 
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Light optical microscopy was also performed to determine 
substrate grain size after samples underwent Gleeble annealing 
simulations. All the substrates that were coated with a 0.10 
effective weight percent aluminum-zinc coating and annealed 
at 550°C for sixty seconds, were stripped of their coating 
with a 10%H2so4 solutio~. The samples were then sectioned and 
prepared in the same manner as the uncoated_ steel samples. 
Etching for grain structure was performed in the same manner 
as that for the uncoated substrates. The IF material, however, 
was first etched with 2% nital fbr two seconds and then etched 
with Braha 's etchant, a solution of ten grams of sodium 
thiosulfate and three grams of potassium meta-bisulfite mi~ed 
in 100 milliliters of water. All of the grain size samples 
were photographed at 400X under standard bright field 
conditions. The IF substrate was phbtographed at 400X under 
dark field conditions. 
Surface microscopy was also performed on the uncoated 
DQSK pre-annealed substrate. A 0.5 by 0.5 inch specimen was 
ultrasonically cleaned in alcohol and glued to a blank mount . 
Afte·r the glue was allowed to dry the • specimen was not 
subjected· to any grinding, instead it was polished on a six 
micron diamond paste impregnated medium nap rayon cloth on a 
rotating wheel. Grinding of the sample was eliminated 1n the 
sample preparation so that the structure closest to the 
surface of the steel could be studied. Polishing continued 
with 0.3 micron, and 0.1 micron alumina slurries on rotating 
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medium nap cloths. The last step in polishing was performed 
using O. 05 micron colloidal silica on a medium nap rayon 
cloth. The sample was then cleaned with alcohol, dried and 
etched with 4% picral to identify the presence of surface 
carbides. 
D. Image Analysis 
Total coating thickness measurements of all the as-
galvanized and heat treated G_leeble samples were performed on 
the LECO 2001 Digital Image Analysis System, shown in Figure 
29. After the samples for LOM were photographed they were set 
up on the Nikon Microphot microscope on tbe LECO system, with 
no additional sample preparation. The LECO 2001 system 
digitizes the imag_e from the microscope and assigns gray 
levels to the im~ge so that the .feature of interest, .having 
-its own distinct gray level, can be singled out and sized by 
a user-defined program. The coatings were analy:zed at lOOOX 
and total coating thickness was measured. One field of view 
with at least 50 thickness measurements was taken .from each 
sample. 
To measur.e an ;i.nterfacial layer that was apparent on some 
samples after light optical microscopy analysis, another LECO 
program was written and used to isolate and measure the 
thickness of this interfacial layer. Analysis was performed 
on the same samples used for LOM and total coating thickness 
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measurements. Three fields of at least 30 measurements were 
taken on those samples in which an interfacial layer was 
observed. 
Grain size measurements were also performed on the LECO 
for the as-received uncoated substrates, and for the high 
temperature-long time artneal sp~cimens (550°C-60 seconds) that 
were coated with a o .. 10 effective weight percent aluminum-zinc 
coating. The coating was stripped off the specimen with 10% 
H2So4 solution so it. could be properly etched. All samples 
were analyzed in cross-section, transverse to the rolling 
direction of the· sheet so as to be consistent with the LOM 
work. On each grain size sample 20 fields for grain sizing 
w~re taken at a magnification of 200X. Grain . size was 
determined along the surface edge and at. the center of the 
cross-section of the samples. 
E. Coating Iron Content Determination 
The OQSK full hard and titanium stabilized steels 
coated with both high and low coating aluminum levels were 
used for iron content analysis. Iron content samples were cut 
from the same two by nine inch Gleeble specimen that also 
provided the samples for LOM analysis. Two samples, each one 
inch by one inch, were cut from the uniform regioh in the 
center of the pheet, as shown in Figure i6. The samples were 
then painted with a masking lacquer on the quenched side of 
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the sheet, and around the edges of the sheet so that . iron 
analysis would only be from the side of interest. The samples 
were allowed to dry and were then weighed. The samples were 
each individually placed in fifty milliliters of 10% H2S04 acid 
solution to allow for the dissolution of the coating from the 
substrate. After the sample ceased effervescing bubbles, an 
additional ten milliliters of 10% H2S04 solution was added to 
the beaker to ensure that ·the reaction had been completed. The 
sample was removed from the solµtion, rinsed with water and 
then ethanol, and then dried. Once the sample had dried in 
air and was entirely dry, it was weighed again. The dissolved 
coating/acid solution was then stirred vigorously while it was 
titrated with a O.lN potassium permanganate solution. The 
reaction reached completion when one drop of the potassium 
permanganate solution began to discolor the dissolved 
coating/acid solution pink. The reaction that occurred upon 
titration was as follows: 
+ K2S04 + 8H20 ( 43) 
By using the volume of titrant consumed, and the total 
weight of the coating, a weight percent iron value was 
calculated according to: 
weight percent iron - (volume of titrant (ml)*5.585*10-3 ] 
/(coating w~ight (g)] (43) 
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The constant in the equation takes into account the 
concentration of the 10% H2S04 stripping solution and the O.lN 
potassium permangana1;:e ti trant used in the 
determination. 
F. X-Ray Analysis 
. iron content 
Samples for x-ray analysis were cut from Gleeble 
sheet specimens as shown in Figure 26. X-ray samples were cut 
to 13 by 17 millimeters in size and ultrasonically cleaned in 
alcohol. Care was taken so that only th~ side of the sheet 
that faced away from the quench heads, was used for analysis. 
X-ray data was collected from a Philips 3100 Diffractometer. 
Each sample was rotated within the diffractomter and data was 
gathered from 29 angles between 25° and 85° at a scan rate of 
1. 0°/minute, and at an angle increment of O. 01 °. Copper Ka 
radiation was used as the source of radiation· and the 
generator se.tting was ~t 45kv· and 30 mA. 
G. Microprobe Analysis 
1. surface carbides 
The Jeol 733 Supermicroprobe was used to 
_perf arm EDS mapping of the DQSK preannealed substrate surface. 
The same sample used for surface LOM analysis was flat 
polished again through to the 0.25 micron polishing step, and 
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left unetched. The microprobe operating conditions were 
optimized for carbon analysis and an Fe3c standard was used as 
the basis of comparison-for chemical analysis. 
2. as-galvanized DQSK full hard material 
The Jeol 733 Supermiqroprobe also was used to 
perform WDS mapping of iron and aluminum as well as EDS 
mapping of zinc for the 0.10 effective w~ight percent 
aluminum-zinc as-galvanized DQSK full hard material. A WDS map 
of all three elements could not be obtained without 
sacrificing a significant amount of aluminum detection. The 
mic~oprobe was optimized to detect aluminum with the 
accelerating voltage set at 10 kV, and the probe current set 
to 140 uA. The standards used for comp~rison were internal 
standards. The substrate steel was used as the standard for 
iron, the zinc overlay layer in the as-galvanized coating was 
used to peak the spectrometsr on zinc, and the interfacial 
layer itself was used to align the -crystal for aluminum 
detection. 
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IV. RESULTS AND DISCUSSION 
A. Material Characterization 
1. Uncoated substrate 
Prior to being hot-dip galvanized on the pilot 
line, substrate material was analyzed in cross-section for 
grain structure. To quantitatively compare substrates, grain 
size data was taken for the surface edge and the center of 
sections transverse to the rolling di~ection of the sheet. 
Figures 30 through 33 show transverse and longitudinal 
sections of the substrate grain structure before it was placed 
on the galvanizing line. The titanium stabilized IF material 
was unavailable for analysis. Titanium stabilized IF 
substrates have an average grain size of about twelve microns 
(44). The ultra low carbon and DQSK full hard substrates had 
similar grain sizes of ·about seven microns, while the DQSK 
pre-annealed and the rephosphorized grain sizes were 19 and 
16 microns respectively. The average grain size values are 
-shown in Table VI. The rephosphorized steel had a grain size 
that was larger than the other substrates, but not quite as 
large ~s the pre-annealed substrate. The DQSK pre-annealed 
substrate had very large grains due to its pre-pilot. line 
batch annealing heat treatment. Also- present on the pre-
annealed substrate are large carbides throughout its cross-
section, Figure 34. 
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Because of the appearance of these carbides in cross-
section, surface microstructure was also studied in detail for 
the DQSK pre-annealed substrate. A secondary electron SEM 
photograph of the surface structure is shown in Figure 35, 
along with the . accompanying x-ray energy dispersive 
spectroscopy (EDS) carbon map. It was determined from the 
microprobe analysis that these surface plateaus· . 1n the 
secondary electron image were carbides, and are most likely 
the result of allowin.g the material to ·remain in the batch 
annealing furnaces beyond an optimum annealing time (45)~ It 
was difficult to determine what role these carbides may have 
played in the coating process itself. There was some evidence 
to .show that these carbide~ remain present during hot-dipping 
and annealing, Figure 36 (.46). Post-galvannealing substrate 
grain structure was analyzed and is discussed in a later 
section. 
2. As-galvanized material 
The next phase of material characterization was to 
study the as-galvanized coating ~tructure. Figures 37-41 show 
cross-sectional views, transverse to the rolling direction, 
of all the coatings received from the pilot line. Included 
along with these figures are long immersion time, pure zinc 
coatings which contained O. 00 weight percent aluminum. The 
pure zinc coatings were used'for comparative purposes. 'Figure 
42 shows x-ray wavelength dispersive (WDS) maps for iron and 
aluminum taken for ·the 0.10 effective weight percent aluminum 
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coating on the DQSK full hard material. The bright regions in 
this figure indicate areas of high iron and aluminum 
concentration. Figure 42a does not show a bright intensity for 
iron on the steel substrate. The steel substrate intensity 
was deliberately eliminated from this photograph to higblight. 
the iron and aluminllm concentration variations across the 
steel/coating interface. It is evident from this figure that 
an iron-aluminum intermetallic layer at the 
substrat~/coating interface. Because of the detection of zinc 
on the EDS map in the interfacial region of the coating, the 
interfacial layer was most likely an iron-zinc~aluminum 
ternary intermetallic Gompound or a zinc rich iron-aluminum 
intermetal l ic phase. The layer corresponds to the crystals 
observed growing from the steel/coating interface of the as-
galvanized DQSK in Figure 39a. 
Originally it was decided to study two levels of aluminum 
in the bath between the range of 0.1 and 0.2 weight percent; 
one aluminum level high and the other low in that rartge. The 
total aluminum in the coatings produced on the pilot line were 
0.11 and 0.22 weight percent and were determined by chemical 
analysis. The total iron content of those baths were 0.03 and 
0.07 weight percent respectively (47)-. The iron content of tbe 
high aluminum bath is far above the o. 005 weight percent 
solupility limit of iron in aluminum for a bath temperature 
of 460°C (39). The supersaturation of iron in the bath caused 
·Fe2Al5 intermetallics to form in the bath which interfered with 
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the true chemical analysis of the bath and made the total 
aluminum and iron values initially calculated high and 
invalid. A more accurate method of determining aluminum was 
to calcul.ate the effective aluminum in the bath, based on 
g·raphical and or mathematical methods ( 39) . The effective 
aluminum -analysis was performed on the baths used in this 
study, and the effective aluminum levels used for hot-dip 
galvanizing were 0.104 and 0.147 weight percent (39, 47) For 
convenience purposes, the effective aluminum values were 
rounded to 0.10 and 0.15 for all th~ discussion hereafter. The 
aluminum content for all of the coatings were determined by 
atomic absorption analysis at Noranda ( 48) , and by 
inductive~y-coupled plas~a atomic emission spectroscopy (ICP-
AES) at LTV (49) and Dofasco (50). The data are presented in 
:Table VII. 
Table VII also includes coating weight and iron content 
data from the atomic absorption analysis. Coating w.eight in· 
Table VII was the weight of the coating that was stripped and 
used for analysis. It was assumed that approximately all of 
the coating was stripped during analysis. Galvanneal coatings 
were approximately ten microns, or o .-0004 of an inch, in 
thickness. Therefore to reduce the error caused by coating 
thickness fluctuations, coating weight determination was over 
a large sample size relative to the coating thickness and the 
samples used for analysis were pn the average two by two 
inches square. The data in Table VII indicate that there was 
4.7 
a large coating weight variation from one substrate to 
another, and that the total aluminum content of the bath was 
not necessarily equivalent to the total aluminum content of 
the coating for some of the substrates. The observed non-
uniformity ·of the as...,.galvanized coating must be considered in 
the data analysis of the· galvannealed coatings. 
3. Post-Annealing Substrate Grain Structure 
All the substrates coated with low aluminum coatings 
that were annealed at 550°C for 60 seconds were stripped of 
their coating with a 10% H2S04 solution and analyzed in cross-
section for their grain structure. Figure 4:3 shows a summary 
of micrographs of the sheet steels. Grain sizes determined at 
the center and surface edge of the transverse cross-section 
of th~ sheet show that except for the DQSK pre-annealed 
substrate, the steels have similar grain sizes, as shown in 
Table VIII. The DQSK full hard material showed s·orne grain 
growth at the surface edge, which occtirred during the 
galvanizing and annealing cycle. The rephosphorized grade 
showe~ a significant decrease in grain size after artnealing. 
The difference in grain. size cannot be compared because the 
uncoated and coated rephosphorized materials were not from the 
same stock of material. No evidence of surface carbides was 
found on the DQSK preannealed material after annealing, but 
this may have been dtie to the acid solution dissolving any 
carbides pre~ent on the sheet surface during the stripping of 
tQe .coating. 
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B. Effect of Annealing Parameters on Morphology 
After annealing the as-galvanized coatings, it was found 
that the coating microstructures, as shown in Figures 44-53, 
exhibited a transition within the temperature-time testing 
matrix. Using Figure 50 as an example of· this transition, the 
development of coating morphology is outlined below. 
Initially, in the as-galvanized condition, the 
coating consists of (1) an iron-aluminum intermetallic layer 
that is less than 0.5 microns in width, and (2) an overlay of 
iron saturated zinc eta phase that is approximately· 10 microns 
in thickness. After short hold times at low annealing 
temperatures, crystals of aluminum-bearing iron-zinc zeta or 
delta phase are observed to grow from the iron-aluminum layer, 
with a significant amount of zinc overlay remaining. At longer 
hold times this zinc overlay continues to supply the growing 
iron-zinc phases with the necessary zinc atoms, and it is 
consumed by the developing iron-zinc phases. Once the overlay 
is consumed, the coating is completely alloyed and oft~n 
contains a thin interfacia_l lay~r, most likely the iron-zinc 
gamma phase. The bulk coating is by that time a textured 
zeta/delta phase mixture. Upon further annealing the 
interfacial layer grows in thickness and the mixed phase 
region becomes further enriched with iron, causing the 
textured zeta/delta region to gradually transfo.rm to a uniform 
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delta phase and appear ~uch like the compact delta morphology 
earlier referred to as delta 1k (18). 
It was found that Figures 44-53 could be classified into 
three distinct morphological types; Type-o, Type-1 and Type-
2. A schematic of each morphology type is shown in Figure 54. 
The Type-1 morphology was found to exhibit the best powdering 
resistance, independent of substrate and coating chem'istry 
( 5) . These results indicate that the morphology alone dictates 
the po~dering properties of the coating. The following 
sections characterize the morphology development that gives 
rise to the Type-a, Type-1, and Type-2 structures·. 
The Type-0 microstructure is not a fully alloyed coating, 
but has an overlay of approximately eight to nine microns in 
thickness that is almost pure eta phase, as shown in Figure 
55a. On some of the sub$trates there existed an . . iron-zinc 
alloy layer bene_ath the overlay that was one to two microns 
in thickness. Type-1, Figure 55b, is a fully alloyed coating 
that contains no apparent eta phase. The Type-1 
mibrostructure is most likely the marginally alloyed coating 
referred to by Smith and Batz (34). The Type-1 microstructure 
. 
. develops at longer annealing times and at higher temperatures 
than the Type-0 morphology. The al_loy layer in Type-1 is most 
·1ikely a ze~a phase layer with delta phase beneath it, or a 
mixture of the two phases. The Type-2 morphology, which 
develops at longer times and at higher temperatures than the 
Type-1, is characterized by a thick compact delta phase layer 
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and a 1 to 3 micron interfacial layer consisting of gamma or 
gamma plus gamma, phase(s). The Type-2 morphology often has 
cracks perpendicular to the steel substrate that ~re inherent 
in its structure. The development of this microstructure can 
be explained by the enrichment of iron into the coating. As 
the diffusional transformation occurs over longer times and 
at higher tempe-ratures, the more iron rich phases such as 
gamma and gamma, are able to farm. An example of the resulting 
~orphology from this development is shown in Figure 55c. 
The DQSK full hard material was chosen as the reference 
substrate for coating morphology development because it can 
be used as a basis of (1) carbon content comparison with the 
ultra low carbon steel, (2) grain size relationships with the 
DQSK preannealed, (3) titanium stabili~ation effects with the 
titanium stabilized IF steel, and (4) the effects of 
phosphorous with the rephosphorized· steel. To qualitatively 
compare the morphologi~al development for each 
substrate/coating aluminum level, a temperature-time-
morphology matrix was established indicating the type of 
morphology present at a given annealing time and temperature. 
Figures 56 through 60 show the trends of· the morphological 
development within the tested temperature and time matrix .. 
The morphology transition figures indicate that in all 
cases, the coatings containing higl)er aluminum levels served 
to delay alloying of the coating_ and hence the development of 
Type-1 morphology. These findings support earlier work by a 
number of researchers (6,7,8) about the inhibition effects of 
aluminum. The effect of this inhibition was less pronounced 
for the titan~um stabilized material. It is thought that the 
iron-aluminum intermetailic layer that initially forms during 
galvanizing presents a barrier to iron and zinc interdiffusion 
during annealing. Breakdown of the layer is believed to first 
occur at areas corresponding to the location of substrate 
grain boundaries (1) as discussed in section II. The behavior 
of the iron~aluminum layer on IF steel may be due to the more 
rapid diffus·ion of iron and zinc across the layer itself. 
Applying the theory that grain boundaries serve as nucleation 
<J 
sites for iron-zinc phases (1,10), an increased rate of 
reaction could be caused by the presence of more· , 
thermodynamically active grain boundaries that are essentially 
carbon free in the IF steel. The.carbon free grain boundaries 
. 
cause a localized depletion of .aluminum in the iron-aluminum 
layer, and thus allow for zinc to react with the substrate 
steel. 
An increas~d rate of iron-zinc phase nucleation associated 
with the IF steel would. explain the shorter times needed to 
form Type-1 and Type-2 morphologies during the diffusional 
transformation of the coating. 
' Phosphorous was found to delay the alloying kinetics of 
the coating when :.compared to the DQSK full hard material, as 
is shown by comparing Figures 60a and 60b in comparison to 
Ftgures 5.8a and 58b. These results support work by Abe (35) 
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and seem to indicate that phosphorous may block . grain 
boundaries and other crystal defects, therefore inhibiting 
diffusion of iron into th~ coating along these fast diffusion 
paths. 
In summary, for all of the substrates tested, higher 
levels of aluminum in the as-galvanized coating were found to 
delay the _formation of Type-I and Type-~ structures during 
annealing of the coating. After morphology development was 
compar~d between substrates using the DQSK full hard material 
as a basis for comparison, it was found that the inhibition 
behavior of aluminu~ on the titanium stabilized material was 
not as effective in preventing alloying of the coating. This 
finding is in agreement with Hisamatsu's (1) theory that the 
grain boundaries are more reactive in the IF steel and thus 
serve· as nucleation sites. Phosphorous in the base steel, 
however, delayed Type-I and Type-2 development, thus causing 
the rephosphorized steel/high alu~inum coa~ing combination to 
require the most time to form these morphologies. 
c. Iron Content Analysis 
Because the coating thickness of the as--galvanized 
material was non-uniform, iron content analysis of the 
annealed coatings was normalized according to sample coating 
weight. Th·e iron '"content data in weight percent were divided 
by coating weight ·p~r square meter of surface area of the 
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sample used for analysis. The handling of the data in this 
manner eliminated variations in the iron content data related 
to coating thickness f~uctuations. 
Iron content data were determined for the DQSK full hard 
and titanium stabilized steels. The compiled data are shown 
in Figures 61 and 62. In general,· iron content follows a 
sigmoidal relationship with the square root of annealing time. 
The relationship of iron enrichment as a function of time can 
be explained by the diffusional transformation of the iron-
aluminum and the zinc overlays to iron-zinc phases during 
annealing. Initially there is a rapid, almost linear 
relationship with the square root of annealing time, then 
after 60 secortds the iton enricbment reaches a plateau. The 
linear iron enrichment behavior can be explained by the 
initial breakdown of the intermetallic iron-aluminum layer and 
dtffusion of iron by a square root of time function. Once the 
equilibrium phases have developed, longer annealing does not 
yield a significant • increase • in the iron content of the 
coating, and the iron conteht' in the coating reaches a fairly 
stable value. 
The iron .diffusi~n behavior of tbe high aluminum coatings 
seem to confirm the morphology transition observations that 
the higher a.luminum coatings inhibit iron enrichment and hence 
the development of the more iron rich phases in the alloy 
layer of the coating. In comparing Figures 61a and 61b it is 
clear th.at at short times, the high aluminum coatings contain 
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less iron at a given temperature than the low aluminum 
coatings~ After a certain amount of time, destabilization of 
the iron-aluminum inhibition layer is expected to occur. 
Therefore., at relatively long annealing times, aluminum 
composition shduld no longer have a strong effect on the iron 
content in the coating, as shown in Figures. 61a and 61b. For 
the titanium stabilized material, however, the effect of a 
higher aluminum level in the coating on iron enrichment during. 
annealing is not clear, as is shown in Figures 62a and 62b. 
It is apparent that the inhibition effect of the iron-aluminum 
layer on the titanium stabilized material was not as ·effective 
a barrier to iron diffusion. It can be concluded that aiuminum 
composition, as expected, affects the iron content of the 
coating, but only under conditions where an effective 
inhibition layer exists. 
To summarize, iron enrichment of the coating generally 
occurred at a faster rate as the annealing temp·erature of the 
samples increased. An increased level of aluminum on the DQSK 
material delayed ·iron enrichment most notably for the samples 
with hold times of less than ten seconds. There appears to be 
a r~lationship between iron 
':, 
enrichme·nt and morphology 
devel?pment. For both levels of aluminum in the coating the 
DQSK mat~rial Type-1 to Type-2 morphology transition could be 
defined at a ten weight percent (not normalized to coating 
weight) iron level in the coating, in other words, all of the 
Type-1 morphologies contained less than ten weight percent 
55 
iron. The transition in iron content is indicated by the 
superscript italicized numbers located to the top right of 
the morphology type numbers in Figures 6J and 64. The titanium 
stabilized material was identified as having a Type-1 to Type-
2 transition at a va1ue of 11.5 weight percent iron, as shown 
in Figures 65 and £6. 
D. Total Coating Thickness 
Unlike the iron content data, the interfacial layer 
and total coating thickn~ss data were not normalized to sample 
coating weight. The as-galvanized material for all of the 
substrates studied essentially consisted of a thin . iron-
aluminum interrnetallic layer at the steel/coating interface, 
and an -overlay of iron-saturated eta phase. The concentration 
profile for iron and zinc across this layer is independent ·of 
the thickness of the overlay. The terminal ends of· this 
diffusion couple are not affected by total coating thibkness,. 
therefore any variations layer thickness cannot be 
normalized by incorporating coating weight data. 
Total coating thickness data was recorded for all of the 
G1eeble samples. ·On example of coating thickness data is shown 
in Figure 67, which represents coating thickness of the low 
aluminum DQSK · material. This figure represents the best 
results· of the coating thickness data. The standard deviation 
associated with all the substrate/coating ~ombinations was 
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,·. 
broad and most likely related to the uneven ~oating weights 
of the as-galvanized material, Table VII. An uneven starting 
material leads to areas of localized rapid growth depending 
upon the concentration gradients of iron, zinc and aluminum 
at those locations within the coating. Interdiffusion 
coefficients are a function of the concentration g.radients 
that provide the thermodynamic driving. force for diffusion. 
Therefore it is not surprising that the total coating 
thickness data of the annealed samples . is scattered. T.he 
scatter is most likely related to the unevenness associated 
with the as-galvanized pilot line material. 
E~ Interfacial Layer Thidkness 
It was observed that on some Type-1 and '.J1ype-2 
morphologies, a gamma or gamma and gamma, layer could be 
distinguished. The interfacial layer thickness was determined 
for the same samples used in LOM analysis. Figures 68 through 
72 illustrate the results. It was found that for the titanium 
stabilized IF material, the interfacial layer appeared earlier 
in the temperature-time matrix for the low aluminum coatings 
than for the high aluminum coatings. In the case of the DQSK 
material, however, the 550°C anneals show very similar 
interfacial layer growth rates. 
Since the titanium stabilized material coated with a low 
aluminum coating had an interfacial later at all three 
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annealing temperatures and over a wide range of hold times, 
the data from these experiments were selected for further 
analysis. Iron content is shown as a function of interfacial 
layer thickness in Figure 73. It is evident that for an 
interfacial layer thickness of . one micron, coating . iron 
content can vary from six to eleven weight percent, thus 
indicating that at the start of annealing, iron· enrichment of 
the coating occurs without the growth of the interfacial 
layer. As the layer grew beyond . one mi_cron, the growth 
followed a linear relationship with . iron content in the 
coating. Therefore the interfacial layer on the titanium 
stabilized material appears to have an incubation period 
before its growth continues beyond one micron. 
Iii comparing the rephosph9:rized steel to the DQSK steel, 
Figures 72 and 68 respectively, the interfacial layer showed 
similar growth for both, and it grew as a function of the 
square root of annealing time. In the case of the DQSK, 
however, the interfacial layer growth started at earlier hold 
times. Because phosphorous delays the alloying rate of the 
coating, the interfacial layer thickness results support the 
morphology characterization of the coating that the 
phosphorous inhibits the diffusion of iron .into the coating· 
and thus delays the extent of the formatj.on of an interfacial 
layer. Therefore it ~ould be expected from the morphological 
development observed on the rephosphori.zed steel that the 
interfacial layer would grow at a slower rate with annealing 
.. ~ .. 
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time than the DQSK material coated with the same level of 
aluminum. 
In summary, the interfacial layer developed at earlier 
annealing times as the annealing temperature was raised for 
the titanium stabilized, DQSK and rephosphorized material. 
Higher levels of aluminum in the coating delayed interfacial 
layer development, subsequently there was an insufficient 
number of samples having an interfacial layer for comparison 
purposes in the case of the rephosphorized material. 
Interfacial layer thickness data are represented by subscript 
bold numbers adjacent to the morphology type numbers . in 
Figures 63 through 66. Figures 63 through 66 indicate that for 
those Type-1 morphologies which showed evidence of an 
interf acial layer, the layer was less than one micron in 
width. Interfacial layer development was enhanced on the 
titanium stabilized· low aluminum material, Figure 65, so it 
was the only substrate to have an interfacial layer at a large 
number of temperature-time annealing conditions. Type-2 
morphologies typically had interfacial layers that were 
greater than one micron in thickness. A correlation between 
interfacial layer thickness and coating powdering resistance 
i~ shown in figure 74. At an interfacial layer of one micron 
the powdering resistance of the coating undergo~s a 
transition, and below one micron the powdering of the coating 
is reduced. 
59 
F. X-~ay Analysis 
In trying to identify the phases present in each of 
the morphology types, x-ray data were analyzed. Figure 75a 
shows the x-ray data for the as-galvanized titanium stabilized 
IF steel coated with an 0.10 effective weight percent 
aluminum-zinc coating. Figures 75b through 75d are x-ray data 
for selected annealed coatings corresponding to Type-0, Type-
1 and Type-2 morphologies. The x~ray data were then compared 
to that of synthesized. iron-zinc intermetallic standards of 
eta, zeta, delta, gamma, and gamma1 phases (43). 
The as-galvanized coating x-ray scan matched very closely 
that of the eta phase, and both had a maximum peak at ad-
spacing of 2. 4 5 a·ngstroms. The Type-a morphology showed a 
maximum peak at approximately the same d-spacing as that for 
the as~galvanized material, thus indicating that it consists 
of primarily eta phase in its structure. The Type-a data, 
however, also showed new peaks emerging at 29 values of 
approximately 43° (d=2.089 angstroms) and 70° (d=l.345 
angstroms), which indicates the pres·ence of zeta phase, delta 
phase, and possibly gamma phase. 
Because no gamma layer was observed during LOM analysis 
of· this particular sample, it can be concluded that this Type-
0 structure consists of either zeta, delta or a mix of both 
zeta and delta phases. The peak overlap for these two phases 
is substantial, therefore it was difficult to discern 
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quantitatively which combination of phases were present~ 
The Type-1 x-ray data scan, Figure 75c, showed a 
signific~nt change from that of the Type-0. in comparing this 
structure to that of Type-0 it was evident that the maximum 
peak intensity associated with the Type-0 structure has 
decreased dramatically, and the peak at a ct-spacing of 2.089 
angstroms just emerging in Figure 75b have now become a series 
of major peaks occurring in the 28 range of 40° to 45°. The 
peaks located in this range are also where the major peaks for 
both the zeta and delta ·phases lie. It can be deduced that 
the Type-1 structur~ most likely consists of both the zeta 
and delta phases. A unique gamma phase peak at: a 28 value of 
62° was not observed in the Type-1 scan, thus indicating that 
the morphology of this selected Type-1 structure consists of 
zeta and delta phase only. 
The Type-2 x--ray data are shown in Figure 75d, and 
appears to be identical to the x-ray data for the Type-1 
morphology. Altha.ugh the morphologies are different, the 
corresponding x-ray data are not as distinct... The peaks at d-
spacings of 1.232 and 1.221 appear slightly sharper in the 
Type-2 structure that in the Type-1. These peaks are 
associated with th~ gamma phase and are utilized by 
researchers (51) as unique gamma pe_aks by which analysis can 
be performed on. Unfortunately these peaks have relative 
intensity rat~os of less than two on a scale of on~ to one 
hundred, making them barely visible above the background and 
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therefore of questionable value for quantitative analysis. 
X-ray analysis results on the other materials tested 
showed similar trends for the Type-a to Type-1 to Type-2 
morphology transition. X-ray analysis can identify possible 
phases present in the coating, but it alone cannot be used as 
a method of phase quantification. Peak overlap of the zeta, 
delta and gamma, phases was confounding and made analysis 
difficult. T~e texturing of zinc crystals that often occurs 
du~ing processing gives rise to peak shifting, which in some 
cases makes the above peak overlap more severe, adding to the 
complexity of x-ray an~lysis. 
In summary, the x-ray scan of Type-0 was much like that 
of the as-galvanized material. This finding was expected due 
to the simil~r structure of the two coatings, and due tb the 
low temperature short annealing times associated with the 
Type-0 morphology. In contrast, the Type-l and Type-2 
morphologies showed distinct differences in LOM analysis but 
were virtually indistinguishable when comparing the x-ray 
scans of each. The x-ray data for both morphologies were 
extremely similar and provided little information on 
quantifying the growth of one iron-zi.nc phase relative to 
another in the Type-1 to Type-2 morphology transition. 
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V. CONCLUSIONS 
A number of conclusions about coating morphology 
development can be drawn from .this study. 
1. Independent of substrate and coating chemistry, three 
distinct coating morphologies form during the alloying of the 
hot-dip galvanized coating. The morphologies can be classified 
as Type-a., Type-1, and Type-2 structures, and they develop 
sequentially with the time of annealing. The morphology 
development is a result of the annealing temperature-time 
processing conditions experienced by the coating. 
2. On all of the substrates tested, morphology 
transitions were delayed by higher levels of aluminum in the 
as-galvanized zinc coating. The aluminum inhibition effect, 
however, was less pronbunced on the titanium stabilized IF 
substrate, indicating that the IF steel serves as a more 
reactive substrate during the alloying of the coating. 
Slower morphology development was found for the coatings 
deposited on the rephosphorized steel, therefore phosphbrous 
in the substrate is less reactive during annealing. 
3. The transition from Type-1 to Type-2 morphologies on 
the DQSK steel was defined at a ten weight percent iron level 
in the coating. For the IF steel this transition occurred at 
11.5 weight percent iron in the coating. An interfacial layer 
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thickness of . one micron also defines the Typ·e-1 to Type-2 
transition on the DQSK and IF steels. Type-1 morphologies had 
interf acial layer thicknesses below . one micron, while the 
Type-2 had an interfacial layer thickness greater than one 
. 
micron. 
4. The amount of co~ting that powders qff during bend 
t~sting is a function of coating morphology. A transition in 
powdering of the coating occurs at an interfacial layer 
thickness of one micron, with little or no powdering occurring 
for an interfacial layer thickness below one micron. The one 
micron interfacial layer thickness also denotes the layer 
thi.ckness va_lue at which the iron content in the coating 
b.egins to increase linearly with the growing inter.facial 
layer. 
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Table I. Various phases in the Fe~zn system. (14) 
Phases 
a 
Formula Crystal Structure 
Zn(Fe) HCP 
FeZn13 
FeZn7 
FeZn4 
Fe3 Zn10 
Fe(Zn) 
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Monoclinic 
Hexagonal 
FCC 
BCC 
BCC 
Table TI. Vickers microhardness values ( load 25 mg) for 
various compounds in the Fe-Zn system. (20) 
Compound Microhar
dness value 
in kg/mm2 
104 
326 
505 
358 
208 
52 
Table III. Observed Penetration Depths 
Diffusivity of Zinc in Iron. (22) 
and Calculated 
450 °C 
obs. 
2(Dt}°"' 
550 °C 
obs. 
2(Dt)°"' 
0 
I to 3 
0.00006 
I to 3 
0.00006 
12 
7 
0.004 
10, 170 
20, 15 
22, 22 
21 
0.22 
t (Hours) 
Diffusion dala ex1rapola1cd from chose in Reference 13. 
D (8 pct Zn) = 2.8 X 10-•J cm1/s al .S.50 •c. D (4 pct Zn) = 1.1 X 10-•• cm1/s at 4SO •c. 
70 
48 
40 
· 45, 35 
192 
45,50 
.. 45 
0.017 
45, 50 
55 
0.87 
Table IV. St~el Substrate Chemistries. (38) 
cod·e # C Mn s p N Al Si Ti Cb 
1 0.008 0.19 0.008 0.008 0.005 0.058 <0.002 0.003 <0.002 
2 0.015 0.20 0.010 0.003 - 0.055 0.010 <0.002 <0.002 
3 0.02 0.19 0.009 0.002 
- 0.057 0.008 <0.002 <0.002 
4 0.004 0.13 0.005 0.003 0.003 0.049 0.004 0.078 <0.002 
5 0.003 0.86 0.004 0.074 0.005 0.050 0.023 0.003 0.017 
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Table V. Pilot Line Conditions. (41) 
.. 
Sample ID Direct Coating Nitrogen 
Fired Sheet Weight Flow 
Furnace Speed Rate at 
Temp. front back Knives 
front/back 
(OF) (ft/min) (oz/ft2 ) (ft3/hr) 
Low Al 
Ultra Low 12-1400 40 .17 . 17 2550/2450 
Carbon 
DQSK pre- 12-1400 21 .18 .17 2800/2540 
annealed 
DQSK 12-1400 21 .18 . 17 2800/.2540 
Ti-stabilized 12-1400 21 .18 .17 2800/2540 
Rephosphorized 12-1400 21 .18 .17 2800/2540 
High Al 
Ultra Low 12"-1400 38 .16 .16 - -
Carbon 
DQSK pre- 12-1400 21 .18 .18 2800/2540 
annealed 
DQSK 12-1400 21 .18 .18 2800/2540 
Ti-stabilized 12-1400 21 .18 .18 2800/2540 
Rephosphorized 12-1400 21 .18 .18 2800/2540 
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T~ble VI. Average Grain Size of the Uncoated Substrate Materials. 
substrate surface center 
grain size (µm) grain size (µm) 
Ultra Low Carbon 9.250 ± 2.222 7.232 + 0.702 
DQSK pre-annealed 24.623 + 4.279 19.420 + 3.002 
DQSK 6.107 ± 0. 309 7.270 ± 0.574 
Titanium-stabilized 
-
-12. o· 
Rephosphorized 16.264 ± 2.154 16.723 ± 1.028 
• s. Boston (44) 
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Table VII. Iron and Aluminum Chemical Analysis of the As-galvanized Coatings. (48-50) 
ID cw cw cw Fe Fe Al Al D N L D N D N (g/mz) ( g /mz) (g/in2) wt% wt% wt% wt% 
Low 
Al 
1 68.2 65.0 78.0 0.56 .81 .16 .17 
2 61.9 54.0 63.0 0.83 .79 .19 .19 
3 53.9 54.0 60.0 0.88 .67 .19 .16 
4 82.1 78.0 106.0 1.75 .77 .26 .23 
5 45.4 46.0 56.0 1.91 2.75 .20 . 1.9 
High 
Al 
l. 58.0 66.0 65.0 0.51 .99 .37 . 215 
2 47.5 48.0 66.0 0.52 .29 .55 .41 
3 43.2 44.0 42.0 0.61 .24 .67 .42 
4 40.9 56.0 65.0 0.46 .05 .55 .15 
5 45.6 50.0 63.0 1.43 2.07 .62 .15 
Note: ~ample ID codes correspond to those in Table IV. CW= coating weight 
Fe= iron content in the coating Al= aluminum content in the coating N = Noranda (48), D = Dofasco (50), and L - LTV (49) 
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Al 
L 
wt% 
.18 
.20 
.19 
.26 
.20 
.37 
.49 
· . 53 
.40 
.54 
... 
Table VIII. Average Grain Size of the Substrate Steels after 
0 • . 
a 550 C-S1xty second Anneal. 
substrate surface center 
grain size (µm) grain size (µm) 
Ultra Low Carbon 7.960 ± 0.513 8.265 ± 0. 309 
DQSK pre-annealed 24.705 ± 2.679 29.432 ± 2.669 
DQSK 7.763 ± 0.242 8.267 ± 0.295 
Titanium-stabilized 14.861 ± 1.731 18.203 ± 1.370 
Rephosphorized 5.993 ± 0.307 6.417 ± 0.148 
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Table IX. Time Needed for the Formation of Type-1 and Type-2 Morphologies during Annealing. 
Steel Al bath Annealing Time to Form Time to Form Substrate composition Temperature Type 1 Type2 Identification (wt°/o) (OC) (seconds) (seconds) 
1 0.11 450 5 60 1 0.11 500 1 20 1 0.11 550 1 10 1 0.16 450 60 after60 1 0.16 500 60 after60 1 0.16 550 5 20 
2 0.11 450 20 60 2 0.11 500 5 10 2 0.11 550 5 10 2 0.16 450 60 after 60 2 0.16 500 20 60 2 0.16 550 10 60 
3 ; 0.11 450 5 20 3 0.11 500 1 10 3 0.11 550 1 5 3 0.16 450 after 20 60 3 0.16 500 after 20 60 3 0.16 550 10 20 
4 0.11 450 20 60 4 0.11 500 10 60 4 0.11 550 1 10 4 0.16 450 after 20 60 4 0.16 500 20 60 4 0.16 550 1 20 
5 0.11 450 60 after 60 5 0.11 500 10 60 5 0.11 550 1 5 5 0.16 450 after 60 after 60 5 0.16 500 60 after 60 5 0.16 550 10 20 
76 
.=-
0 
... 
-
"' 
-C 
C) 
E 
0. 
..c. 
(I) 
5-----------------------------------, 
4 
3 
2 
fr--6Coated Steel (Automotive) 
o---o Coated Steel.(Construction) 
/ 
Coated Steel // 
(Automotive) /D. 
/ 
/ 
o- - -c< 
D. 
/ 
/ 
.Coated _Steel 
(Construction) 
01
.~
7
.-
5
-..... 
76--.7-r7--.1re--·-,79-'--.e"To--"--·er-1--··e2--·e,-J--.·a4r---:.e:r::s~--=.er:s--:·:r:a1~-:.a~e 
Year 
Figure 1. Coated 
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SCHEMATIC OF 
CONTINUOUS 
HOT-DIP 
GALVANIZING 
PROCESS 
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Figure 2. Schematic diagram of the contiriuous hot-dip galvanizing process. (Courtesy of Scbtt Bluni) 
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____. At '/, Zn 
Figure Ja. Isothermal section of the Fe-Zn-Al p~ase diagram 
at 450°C. (7) 
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Figure 3b. Zinc-rich corner of the diagram in Figure 3a. (7) 
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Figure 4. Zinc-rich end of the Fe-Zn binary phase diagram. (11) 
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Figure 5. Schem~tic representation of the zeta phase 
icosahedron structure as viewed down the [001]. plane. (17) 
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Figure 6. Optical micrograph of 
annealed for 2 hat 380°C. (20) 
Figure 7. Optical micrograph 
annealed for 7 hat 380°C. 
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Figure 8. Schematic diagram showing the outburst behavior. (1) 
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Figure 9. Sche~atic illustration of the formation of Fe-Zn 
intermetailic compounds at substrate grain boundaries. (21) 
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as a function of 
Figure 11. Type-1 surface alloy 
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reaction. ( 13) 
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Figure 17. Effect of zinc bath aluminum content on the time 
required for marginal alloying; coating thickness 22.9-25.4 
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Figure 21. Armco Research's 5 inch hot-dipped pilot line. (40) 
Figure 22. Gleeble HAZ 1000. 
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Figure 22. Gleeble HAZ 1000. 
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Figure 23a. Side view of a specimen illustrating the coil set 
effect. 
Figure 23b. Planar view of the specimen with etched 
thermocouple spots. 
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INTENTIONAL SECOND EXPOSURE 
Figure 23a. Side view of a specimen illustrating the coil set 
effect. 
Figure 23b. Planar 
thermocouple spots. 
. 
view of 
95 
the . specimen with etched 
Figure 24. Specimen chamber of the Gleeble HAZ 1000. 
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Figure 25. A thermal profile obtained from the Gleeble HAZ 
1000. 
96 
INTENTIONAL SECOND EXPOSURE 
Figure 24. Specimen chamber of the Gleeble HAZ 1000. 
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Figure 26. Gleeble sample sectioning f.or light optical 
microscopy, iron content, and x-ray analysis testing. 
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Figure 27. Schematic of prepared metallographic mount showing the spacers and balancing material. (42) 
direction of 
rotation 
Figure 28. Schematic illustration of the leading edge technique. ( 42) 
98 
Figure 29. Leco 2001 Digital Image Analysis System. 
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Figure 29. Leco 2001 Digital Image Analysis system. 
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Figure 31. Uncoated 
a) transverse view, 
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DQSK pre-annealed steel 
b) longitudinal view • 
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Figure 34. carbides present at the surface of the uncoated DQSK pre-annealed material in cross-section. 
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Figure 35. a) Secondary electron image of the surface of the 
unetched uncoated DQSK pre-annealed substrate, b) EDS x-ray 
carbon map for the structure shown in a). 
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Figure 36, Commercial galvanneal coating 
annealed substrate, with carbides present at 
interface. 
106 
on a DQSK pre-
the steel/coating 
Figure 37. Ultra low carbon steel hot-dip galvanized in an a) 
O.Owt% Al bath, b) 0.10 effective wt% Al bath, and c) 0.15 
effective wt% Al bath. 
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Figure 38. DQSK pre-annealed steel hot-dip galvanized in an 
a) o.o wt% Al bath, b) 0.10 effective wt% Al bath, and c) 0.15 
effective wt% Al bath. 
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DQSK 0.16wt% Al 
Figure 39. DQSK steel hot-dip galvanized in an a) 0.10 
effective wt% Al bath, and b)0.15 effective wt% Al bath. 
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Figure 40. Titanium stabilized steel hot-dipped 
wt% Al bath, b) O .10 effective wt% Al bath, 
effective wt% Al bath. 
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Figure 41. Rephosphorized steel hot-dip galvanized in an a) 0.0 wt% Al bath, b) 0.10 effective wt% Al bath, and c) 0.15 
effective wt% Al bath 
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Figure 42. a) WDS x-ray map of iron for the as galvanized 0.10 
effective wt% Al coating on the DQSK steel b) WDS x-ray map 
of aluminum for the same coating in a). 
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Fe 
Al 
Figure 42. a) WDS x-ray map of iron for the as galvanized 0.10 
effective wt% Al coating on the DQSK steel b) WDS x-ray map 
of aluminum for the same coating in a). 
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Figure 43. 550°C-sixty second annealed substrates that were 
stripped of their coating and analyzed for grain structure, 
a) ultra low carbon and b) DQSK pre-annealed steel. 
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Figure 43. 550°C-sixty second annealed substrtates that were 
stripped of their coating and analyzed for grain structure, 
c) DQSK and d) titanium stabilized steel. 
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Figure 43. 550°C-sixty second annealed substrtates that were 
stripped of their coating and analyzed for grain structure, 
e) rephosphorized steel. 
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Figure 44. Morphology 
0.10 effective wt% Al 
steel. 
-
10 1,ni 
. . . . 
development during 
coatings deposited on 
annealing for 
ultra low carbon 
the 
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Figure 45. Morphology development during annealing for the 
0.15 effective wt% Al coatings deposited on ultra low carbon 
steel. 
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Figure 46. Morphology 
0.10 effective wt% Al 
annealed steel. 
development during 
coatings deposited 
118 
annealing for the 
on the DQSK pre-
Figure 47. Morphology development during annealing for the 
O. 15 effective wt% Al coatings deposited on DQSK the pre-
annealed steel. 
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Figure 48. Morphology 
0.10 effective wt% Al 
development during annealing for 
coatings deposited on DQSK steel. 
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the 
Figure 49. Morphology development during annealing for the o.15 effective wt% Al coatings deposited on DQSK steel. 
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Figure 50. Morphology development 
0.10 effective wt% Al coatings 
stabilized steel. 
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during annealing for the 
deposited on titanium 
Figure 51. Morphology 
0.15 effective wt% 
stabilized steel. 
development 
Al coatings 
123 
during annealing 
deposited on 
for the 
titanium 
Figure 52. Morphology development during annealing for the 
0.10 effective wt% Al coatings deposited on rephosphorized 
steel. 
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Figure 53. Morphology 
o.15 effective wt% Al 
steel. 
development during 
coatings deposited 
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Figure 54. A schematic of the Type-0, Type-1 and Type-2 
morphologies. 
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Figure 55. a) an example of a Type-a coating, b) Type-1 
coating, and a c) Type-2 coating. 
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Figure 56. Type~o, Type-t and Type-2 morphology development 
for the ultra low carbon steel with an a) low aluminum 
coating, and b) with a high aluminum coating. 
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Figure 57. Type-o, Type--.1 and Type-2 morphology development for the DQSK pre-annealed stee1 with an a) low aluminum 
coating, and b) with a high aluminum coating. 
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Figure 58. Type-0, Type-1 and Type-2 morphology development 
for the DQSK steel with an aJ 1ow aluminum coa.ting, and b) 
with a high aluminum coating. 
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Figure 59. ·Type-o, Type-1 and Type-2 morphology development 
for the titanium stabilized steel with an a) low aluminum 
coating, and b) with a high aluminum coating. 
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Figure 60. Type-a, Type-1 and Type-2 morphology development 
for the rephospho_rized steel with an a) low aluminum coating, 
and b) with a high aluminum coating. 
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Figure 61. Iron content analysis of the DQSK steel s;amples that were initially coated with an a) low aluminum coating and 
ab) high aluminum coating. 
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Figure 62. Iron content analysis of the titanium 
steel samples that were initially coate_d with 
aluminum coating and ab) high aluminum coating. 
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content (superscript), and interfacial layer thickness 
(subscript) for the ·high aluminum DQSK ·material. 
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Figure 65. Overlay plot of temperature-time transition, iron 
content (superscript), and interfacial layer thickness 
(subscript) for the low aluminum titanium stabilized material. 
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Figure 67. Total coating thickness data for the low aluminum 
coating deposited on the DQSK steel. 
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Figure 68. Interf acial layer thickness data for the low 
aluminum-DQSK material. 
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Figure 69. Interfacial layer thickness data for the high 
aluminum-bQSK material. 
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Figure 71.. Interfacial layer thickness data for the high 
aluminum-titanium stabilized material. 
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Figure 72. Interfacial layer thickness data for the low 
aluminum-rephosphorized material. 
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Figure 73. Iron content as a function of interfacial layer 
thickness for the low aluminum-titanium stabilized material. 
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Figure 74. Powdering as a function of interfacial layer 
thickness for the low aluminum titanium stabilized material. 
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Figure 75a. X-ray data scan of the as-galvanized structure 
formed on the low aluminum-titanium stabil;i..zed material. 
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Figure 75b. X-ray data scan of the Type-a structure formed on 
the low aluminum-titanium stabilized material. 
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Figure 75c. X-ray data scan of the Type-1 struc;:ture formed on 
the low aluminum-titanium stabilized material. 
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Figure 75d. X-ray data scan of the Type-2 structure formed on 
the low aluminum~titanium stabilized material. 
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